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INTRODUCTION

Fwo new explosive comnposit ions, PI31XC-11i6 and PI3XC- I I7, specifically
de%igned lkor resistlance to bullet impact 4hock. were developed at NWC' by Miss
Blarbara Slott under the sponsorship of the Naval Ordnance Systems Command
MIRl-0332 ). 'rii compositions are based on RI)X Sulspended in an elustorneric binder.
onie Of whose components will dissolve a small am111oun1t of' tile RDX, (PIBX'-l 17 is anl
alutninied version of PUBX'-1 116.) The development reouirenients inii~ldd low cost
comp1-onents. processahility inl Standard equ~ipmlent. cold castability, and ambienrt tern-
pý:rature cure. All of these requ~iremients wcre satisfied inl thle PBXC-l I6/J 17 systems.

A previous puiblication1l reported thle preliminary investigation of PBXC-l I6/i 17
thermnal behavior. The standard, small-scale, fast cook-off procedure, as well iý
di fferential thermal and therniogravimietric analyses and] differential scanning calor~ri0etr
determinations, were included inl tlat preliminary report. These explosives dcmonstrafed
ipood thermal properties and, in partiCulalr. very mild reaction at a reasonably high
temipera' ure on fast cook-off'. This suggested that these explosive compositions repre-
sented a breakthrough inl explosive development work.

This publication is concerned with (1) the slow cook-off (SC'O) behavior or
PI3XC'-l 16/1 17. for storagle i fe predictions. etc.: and (2) thle behlavior of
PI3XC'-116/11 7-loaded ordnance when exposed to fue10lfires. The reactions to f'ast and
slow lire he.ating were mild, deflagrations only, under conditions th,.t produced
explosions and detonations with Tritonal and Composition B loads.

These compositions have heun interim qualified for general purpose main charge
app~licat ions and have shown -oulszandimg superioritiv over con venkntu'l c'.plos, Ies in
their resistunce( to inudiretcitt inlitiation i,1 high i'CIooit p~rojc~tiles andI .bwl ý 'irs12

4

'NavalI Weapons Center. Thermal Alnalh' sis of' Cundidate General Purpose Cold-Cast F. rtp1-Miiex
!'IIX116 and PIIXC'-117. hy Ca~rl M. Anderson and Jack M. Pakulak. China Like, Calif.. NVC,
0Octhcr 1974. (NWC TI' 5561 , puhhlcation UNCLASSIFIED.)

2Na val Ordnance Systecmrs Command. Interim Qualification of PBX-226(I) I'xp~losii'e C'onqrx-
O'it~. Washington, D.C., NAVORD-0322A, 9 and I11 April 1974. (NAVORDNOT1CE Iqo?. publi-

uIjnUNCLASSIFIED.)
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EXPERIMENTAL

Slow cook-oft' involvcs the determnijat ion of' the timie requ ired for a sample.
hield at a given temperature, to sel tdestruct. Samples ill three sizes at thr.ee
tempera tures are requiired Ifor analysis of' thie data.

[he samiples were cast inl waxed paper cartons with a bead. hermpocouple in ihe
exact center of' the billets. In the largest size, a second thecrmoc'oup-le was. located at a
One-halt' radlius point. 'T'he samples wcre prepared For cook-off by wrapping first with
on)le laver of' 0.0005-inch thick aluminum foil, then with two layers 'of 0.002-inch thick
a him inu LiUFoil. A tab thiermocouiple, in which the thermocouple wires art- inz-'ividually
spot welded to a I cm2 Stainless steel tab, was placed Onl the surft Ce wide~i the t inh
alumnt.11im foil and covered with1 thle outer foils. The air oven cic isistce! of a lafgý
alum1inumll tube (10-inch diameter by 4-foot long, with electric surfare hicater~ attached
to thle ou~ter wall) suspended in a transite box filled w-,th rock -_o) 'lie ovcn
tem perat Lire was controlled, Via a thermocouple inmbedded in the ol~lier surface of the
aluminumi tube. withI a I loneywell recorder-controllcr. By th-s tile,. is, 01! Air temper-
atire variation in the oven, with the fiberglass cloth end-plugs ½~pla~te, waý held at
less than ± 30 C. Thermocouple time-terriperatimre data were recordedi o~i- strip. L-'1 -
recordlers.. Trable I lists the cook-off' determinations made onl the three sizes in the two
systemls.

Warhead cook-off experiments inl aircraft fuel fires were r-An uISing tile foflowing
procedure. The warhead, with thermocoulples appropriately instalied 1:1 and onl the 'uiTt,
was, suspended fromn an A-frame approximately 3 f'eet above a 214-r- M,) diam'eter ýý:ialln~v
pit containing JJ)-5 fuel. The chain hangers and thle tliermiou-pAe leads were
thoroughlly insullated. 'This was dlone to mninimize extraneous heat paths into the
warhead and] to prevent burning off of' the thermncouple leads leaving the fines
reportin.- flamne temperatures. The pit Was Filled With suff~icint Ji'-5 1'uc6 (800-1,000
Lgallons) f'or a 17-20 minute fire. This was covered with 10-15 ganiols of gasolin-e,
to ensure ignition, and then ignited using 4-6 electric matches wrapped with gasoline
Noaked rags. Time to reaction was taken as time f'romn firing the matclies. Usuafly,
15-45 seconds were requiircd to establish the flamec over the enitireý ,urface of the fuvel.
Time-temperatuLre data were recorded via a "dalut logger"' magnetic tape system f ,or
laiter reduction and plotting by available computer programs. Photogr'iphic and video
uqpe records wero made Of' visual effects. Auldible eft'ects were mionitorce , on a soun1d
system and recorded on the video tape.

4
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TAlI' I. I1I'XC-I 16/I 17 (cok-off Determinations.

PBXC. 116
SCO Size. inch Weight, Air in oven NWC

run no. Din, WNominal length gramns temperature, -C site

107 P4 3P" 133 177 65-11
1 0)9 I I 3 132 151 05-B
115 I 134 104 05-.1 4

Ill 3'6 1,430 137 6.5-I1
123 0' 6 I,49)5 154 67-A
127 1 I .470 147 .7-A
12 _ 1500 157 T7-A
123 2900 151 203.B

117 5 5 1 2,860 141 203.11
11) 12.950 130 203-.1

PIIXC-I 17

10,X l 3", 131) 177 165-11
110 I ", 3 134 150 65-I
110 I', 133 162 05-I1
11,2 3', 0 1,500 137 65-13
124 3', 0 1,506 151 67-A
128 0 1,502 147 67-A
130 i' / 6 1,490 158 07-A
1 14 5 SV., 2.990 150 203.11
118 5 5!/5 2.0 141 203-1•

120 "/ 5, 3.200 131 1203-I3

TREATMENT OF EXPERIMENTAL DATA

Slov cook-off time-termperature records provide the raw data from which
thermal properties, an cstimal ion of storage life times, and a prediction or time-to-
cook-off in other sizes and at other temperatures can be obtained.

THERMAL PROPERTIES

Tlhe inie-tmclmiiira c tlre dat a recorhded during the Walni-utllp peIriod "re, used to
valiiatc t lhe the'rmal dil''hiSivitV (o') oi' the material. An equation derived 1)y (adolt and
MI iller3 was ulsed for this cylindrical case

3 Cadoff, Irving B. and Edward Miller. Tcrrmoelectric Materials and Devces. New York, t
Reinhold Pubhshing Corp., 1960. pp. 124-132.

5



NWC TP 5629

a"1 d(ITAT =- -
4v' (/I

Where AT' is the difference in temperature between the outside surface and the center
of a cylinder of radius (a) and a heating rate of dT"/dI on the outside surface. 'nTe
thermal diffusivity, cy, is related to the thermal time constant of the material (r).
defined as

a 2r =- (2)$
C.

and to tihe thermal conductivity (X) by tile relation X pcca. Where p is the density
and c the specific heat of the material.

In the slow cook-off procedure, tile cold samples are introCuced into ,I
preheated oven which is immediately closed. The sample temperature rises expo-
nentially to the oven temperature and above, The Arrhenius chemical reaction rate
eq uat ionf

k = A exp( E */R1 7) '3)

and the zero order rate equation

dcldt - (A)4)

arc combined to calculate an amount of reaction occurring during the warmup period.
In the form of the traction of the sample reacted U*) the integrated rate equatiua
combined with the Arrhenius equation produces the equation needed:

.f A I exp( -E*/RT) (5)

where f is the fraction reacted in the time interval, t, for a reaction whose activation
energy is E* and frequency factor is A. An approximation for time zero is obtained
from the time-temperatu re records by taking the sum of the fractions reacted in each
ot five 100(C intervals before the "cross-ovcr" point and then calculating the time at
the oven temperature for that amount of reaction to occur. Trhe cross-over point,
usually at or near the oven temperature, represents the temperature and the time at
which the temperature at the center of the sample goes above the temperature at the
surface of the sample. This computatbion is carried out for the sample surface
temperatures and for the sample center temperatures, and a simple average of the two
times is used as time zero (t0). A program, stored on a magnetic card, for the
Ilcwlett-Packard Model 9820 calculator has been written to make this computation.
The program, aid the comptutation procedure, is given in Appendix A.

6
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4$i.inn and Mader in their computations from thermal explosion theory and heat
flows ill .n V\ plosive sample, present a characteristic term that they call a "criti'al
teniptraiur" . This critical temnperat tire is defined as the temperature at which the heat
produced by chemical reactions int the sample is just balanced by heat exchanges from
the samlple. That is, the temnperatu rc of the surroundings at which the, temperature
distribution in the sample is unitorm. This characteristic critical temperature can bi.,
considered as a point above which the sample will certainly cook-of'f and below which
the sample may cook-off given sufficient time. This characteristic critical temperature is
defined by the equation:

'. 03R logi ill AQI-p'p
XRT'1/16

where I,,M characteristic critical temperature, "K t
a one-half thickness or radius, cm11

Q heiat of reaclion, cal /g
p = densitV, g/cIml3

S= thermal conductivity, cal/cm 'K
R Universal gas constant, 1.987 cal/mole- K
6 a shape factor

The shape factor, 6, tIkes (M the value of 1.00 [br an infinite slab of thick",--s -'L. 2
for an infinite cylinder of radius a: 2.76 for an CQiUi-cylinder (diameter an -
2a: and 3 for a sphere with radius a. Using data from the previous report in this. r s
(see footnote 2) and the thermal diffusivity measured here, an iteration on TmA. 3
(0i) convcrces rapidly to a value for 7',. Data used for the iteration are listed in Ta,
. 1 A pro.rar, was written for this iteration, for use with the llewlett-Packarit Moto','i

"9X82() calculator, and is provided in Appendix B.

TABLE 2. Data for Equation (6).

Term PBXC-1 16 PBXC-1 17

i:*,kcal/nllolc 45.0 45.0
A, sec" 1.4 x 10"" 2.6 x lot I
Q, ca/tran 500 520
p. grInll,/CII 1.05 1.75
Q , C11n2 /Scc 5 x I()-4 8 x 10-4

C. cal/gram-.K 0 .33P 0 .30 ,
. lcla-iiv~c,¢C- K 2,7 X 10. 4.2 x

S2.7 6 2.71

I',stimatled vhlues from other castable PB3X/RDX systenms.

4/irnnl antd Mder. .1.f ."pplied l'hi'shx, 31:323, 1960,

7
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Zinn and IRogers using the approach described hy Zinn and Moier (%cc

footnote 4), developed an empirical relation, Fq. (71, 1rom experimental cook-off
restults ol a series of pure cxplosives. This relation gives a useful prediction of time to
cook-oft,. 1 - ki uling the act.ivat ion energy, and, alid the thermal time constant, r, defined
in '14. ("2):

"r rTm

Zinn and Rogers published a curve defining the function which then provides a means
of determinine the characteristic "'ritical elnpc'raturc" " IM from experimental cook-
ott dat.a. From a plot of' experimental time-to-cook-of'f 1C. versus the reciprocal of the
absolute oven temperature. I'/", and the value or the function in 1-Eq. (7) (equal to 1.6
for an infinite cylinder at the point where 1 r). the charactcristi critical
tcm perat utre is caIculated f'rom

S11,o

T'r 7'/ /:"*

With a value for the characteristic critical temperature available from thermal

c\lplosion theory. Eq. (0)1, or 'rom experimental data, Eq. (8). predictions can be made
of time-to-cook-off at other sizes a:nUl temperatures. Predictions are quite good for
values of 1,/r less than b'.l1out 10- for non-metallized explosives and propellants. For
metallized systems, thc' method is not as well defined but is usel'h for order of
magnitude predictions of time to cook-off.

RESULTS

PBXC-1 16

('ook-off determin|ations, as indicated in Table 1. were run on three sample
/c,11 and at three tem,,eratures. Reproductions of typical time-temperat ure runs arc

prcsented in Figures I through 3. D)a:ta from these runs are summarized in Table :3 and
in 1-i1gtre 4 :is a plot of equivalent time to cook-oft versus the reciprocal o1" tlhe&oven
tcmlperu tre in degrees Kelvin (columns 6 and 7 in Table 31.

f/irm mi(d Rogcrs. .1I] IJ*VY.siCal ('hcndisl.-, (io:2646, 1962.

8J
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FIGURE 3. Time.Temperature Data, P¶3XC.1 16 (SCO.1 16, 5.mch.diar.eterI'y 5½-inch.long sample sue).

"TABLL 3. PBXC-1 16 (ook-iff I)ala.

S(O Size, inch Cross-over FEquhalent time in oven, Time at TI
run no.: Diam. L-ength temperature, 'C r-ou- minutes seconds,

1l : , ! 1t 15 3 2(l 5." x t0W 2.444

6~ 107

•2 q 1"2.4 6g .6 x 10" 2.3ýý
12') 6t 1,I ] u' 0 1.16 x 0.. !

I1, : ', •,12 56 1.33 x 104 2 3.10
I" g 5 : [ I""4ý, I 2 1.41 x 10' 2.438g

lib ': 5" I ! '• 04 I 54 .6 x 10' 2A4X,6
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FIGURE 4. Equivalent Time to Cook-Off Versus Own Temperature (PBXC-I 16).
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PIIXC-l 17

Cook-oift (leterin inanI o ns It)r FPIJX(- 17 I F ere rU i U sing ii series ot .inilple si/i2

Mrid tc'iiperat ures.. Rr~c i()II\ VIpIcAi linic-tenilpcrait irc Jdt~i irc sliouwn illFguc

5 hroigli f. 1 hic 4 is a suLiJJIry ("A the 6alii Iroin these runs. A griplical stiinlnlirx'

I,. g!I'..l ill I wlirc 8 as' I1 plot ot C( Ii(JIýdCI)t I rue Ito Look-ott /, Icsu dC~iv I reciipro&:iI

id (i1" osýell IL'11er,1ip rtlir in Lc~rcree Kclvin (cLumtnin , ar ind ill -1jbl 4) at the vairinuis

200

IIS

160ALMNMFI

140

U
0 120

610

40

2a0

20

0 5 10 1520 25
TIME. HOURS

[GURU, 5. Time- Temperature Data, PBXC-I 17 (SCO. 116, 1 Yi.inch-diametcr
by 3-inch-Iong uimple size).
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FIGURE~ 7. Time-Tempetsture Data, PBXC-t 117 (SCO.I 18, S-inch-diameter
by 5½/-inch-long sample size),

TAIJLIý 4. PIX(-l 117 Cýook-off D~ata.
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DURIVI-1)DAIANWC 
TP 5629

( nra clerist ic "t if i al fc mmhralicht f'Ior thesc .,ystemN 'irea ei n :n 'I aIble 5foA
I he- si/: Col - dcn ircrd I eLre as calk u Ilafed Itrout ii( hrinialI ex plosion I heiory, Eq. (6 ). aind( as

kalculadted I rou tile cxperiine.ital d ata usini. Tables 3 and 5 and Uk1 . (8). 'Ihese
nuu~hvrs pros ide thle basis fr predlictingL timeik to cook-oil in other sizes and at1 othier

ten peatu rs.11he data In I able 5 ire plot ted Iin Figutre ) its log /W svrusI ,,
he1L colisk itls f !r tile leat silst t rinih e fo~r cilt series of pointIs are IJ)I)Ciktked

11111 abl Th I .olecntanlts .11C tor J link. the illorm o1

hbi4 a 41 R ? + 27~

hi c a1 iN I he i~itlitis Ii cent imeters. of li th clinde r P~cinL consideredcd

TA13LE S. Characteristic Terlempraltires for PBXC-l 16 and PBXC-l 17.

rl V __ 1\(Ii PBX( -117 kDX

inch I C sce C (

'~ t~ hi-' 6 3.1 s 1
3 58 69) 3.2. ( Ž

1,1 SI I 3S 5.4 1' 1 3 .* 1 I0 1
A 10 '5 7.79 -10.89 7 X3 mS

Ii 4169 3.5131 4,7Ki .1,S58 5(5

As atI cxant ph', of the ISe of' tlhese numbers, consider a Mik 81 general purpose
bo011b loadedCL WithI PBV 1(-II6. Ini tile N1k 81,. tilie explosive chiarge has a d iarnict of'
abouit 8.2 inchesý. or radius a = 10. 4/ (m. RealdinP fromT l~i'tire 1). or calculating from
t lie linein IllIq. (1)).T I, cqis d a to 130"C (explosion the' ry ) or 1 20T( (experirnenial
cook-oIIf d.iat ). J lie: tierinial litte LO)SilsIian. T I-r Ibhis site. is 2. 1 10 xIC secondLs. Now.
for a 500-h1our cool-off. i, = 1 .80 x 1 0' seconds, f,,.,7 \ 3 and logv iC/T = 09
HIiis cises ii VALue 0iI hie tLundi~til inl hi C) of' 035 fromt tile /in alld Rouwrs

CUrse Osee lootnote 0). 1 Isina am aet Ratiofl energy of' 45 tc i~ ilete os en
1cmipe ratutre needed is = 11 29( 264 1) fronti therin.11 explosion I livory or 1 25'C I
12S"T) fromt experimental cook-oil data.
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8. - - PS XC-lI16 - EXPE R I MENTA L

uj. _______ PBXC-1 17.-THEORETICAL
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As another application, a calculation was made of the radius reqluir-d to satisfy
1'q. (0) at assorted characteristic critical temperatures (Figure 10). A simih;r rompu-
tation f(r pure RDX is also included in Figure 10. These lines represent t1,i radii of
the maximum size of cylinder that will not self-heat at that temperat~.re. At
temperatures above the lines or for sizes larger than the lines, the sample will
eventually cook-off. Cook-off' could still occur at smaller sizes and lower temperatures.
but at much longer times. Of interest here is the fact that the binde, system in
PBXC- 116/117 has so little effect on the RDX.

ZUNI WARHEAD COOK-OFF TESTS

Tilc cxemplaiy behavior of these explosive systems in the 2-pound, small
cook-oft' bombs, as reported in the preliminary thermal study (see footnote 2),
indicated that PBXC-I 16/117 should be useful general purpose expeti;ves. A brief
investigation was made to demonstrate the behavior of these explosive s~s.ems in two
typical rocket warheads in a fuel fire. The Mk 24 and Mk 63 Zuni warnizads were
chosen because they are high-use, readily available items. The Mk 24, in particuiar, wa-,
used because the steel wall thickness (0.4-inch) relates directly to 'the general purpose I
series bombs and represents a heavy confinement, I

The experimental procedure, standardized at NWC, involved susl.nding the
ordnance item over a 24-foot octagonal pit with sufficient JP-5 fuel to I-,pro."..c. a fire
for a predetennined length of-time. The JP-5 fuel was covered with a few gallons of
gasoline, to ensure ignition, and ignited with electric matches. The ordnanwe item was
fitted with thermocouples at strategic points and thermocouple output wa, fccorded oni
a digital tape "data logger" system. Reduction to time-temperature and plotting was
done on an IBM 1104 computer.

] I

Test SCO- 125

A 5-inch, Mk 24 Zuni warhead, with the regulation black cavity paint rcnmoved
and instrumented with two thermocouples (TC-1 and TC-2) attached to the inside skin,
was given a wash-coat of diluted PBXC- 117 binder and loaded with PBXC-l 7
explosive. Neither fuze nor booster was installed. Two additional thermocouples (TC-3
and TC-4) were placed (in air) at about 10 centimeters from each side of the warhead
to read the flame temperature. Time zero was calculated as the time the electric
matches were ignited to start the flame. The entire pit was aflame at 12 seconds and
the external flame temperature thermocouples passed 538'C (1000°F) at 45 seconds.

Figure Il is a photograph of the installation showing the warhead suspended
about 36 inches above the fire pit. The thermocouple leads were carefully insulated to
prevent burn-off, a burn-off can result in an open lead or in a reading of the flame
temperature.

18
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A plot oF' thle Itime-I emperatt ure recor(ks is given iii Figure 12. Thie fla me
tetupv.rat tire was at thle typical level, ex cept for a-long period of-timle t4.1 a~frti-it rise
M hich mlay have been due to thle mouniting, o' thie flamie thecrmocouples.''Thie film o f
lie test Shows a normial in itijation with thle uIsual 12-1 5 second dela y to full', fiame:

At 105 seconds, a shiarp rep~ort was heard onl thle audiCo systeml, buLt roz obvious
visual chalive in tilie f~lame was observed ol the mionitor or onl the fl!.. After fire
buirn out, thie M~k 24 was still attached to thle F'rame by thle base supn'ort riný (See
Figure 13 ). The warhcadi. with a 0.4-inch thick skin, had been split evd lIAd ow)n in1
what is deflined as a de flagration. Figure 1 3 is a photograph of the warhiead. a ý. the
test.

Test SCQ- 126

A second 5-inch Mk 24 Zuni warhead was loaded with PBXC-1 17 rd (cstedl as
in SCO- 125. Oil this occasion, no t ime-tem peratutre data were recorded (file "'o a fuilure

in thle svst em. Film data were essentially the Samnt as be fore with1 no great C~tingW in
the flamec as the warhecad opened. The operator reported a "liear* re'port"' ai 75I
seconds; presumT~ably Ilouder than the "shairp report" of SCO- 125. Figure 14. i.-
phiotograph of' the test stand af~ter the tire had burned Out showii' g-abcý. ne)f r1
lie case still attached to thle stand. Figure 15 shows the two fragmetits ~'ttc warlicad

case, Which Would indicate a somnewhat more enthuIsiastiCc de Iagrattkioý in Ith-e
previouIs test.

Test SCO-1 28-A (ZX-4)

Four 5-inch Mlk 63 Zuni warhecads, each loaded with about i4 pounds of
PlIX(- 11 6, were placed in a LAU- 1 C/A launcher with inert miotors and ig,-,ters. Tne
launchIer was coatedl with 1 30 mil Pfizer Company Fl REX RX2370 ilnttimeSCCrit plailli
The Forwardl 1.airing was coated with TVP-0026b intumnescent paint. As shown in 11igure
1 6, the assenibl\ was mounted three feet above the fuel in a 24-foot or.ctagonal pit
'The test was instrumnentedI with two thermcniouple1s Onl the inside sheil of each
warheadl, one thermocouiple onl the forward outside skin of' each warhecad, One
thermnocouple (No. 1 3) onl a probe inside the fairing, two thermocouples (No. 14 and
1 5) onl the inside skini of' the f'airing, and four thermlocouiples outside tile test item to
read tiamec tcrnpý.raturcs. Twelve-huindred gallons of J P-5 fuel were used in the fire pit.
Abouit 1 5 galn o gasoline were poured onto the fuel surface to aid ignition.
lime-temiperature (thermocouple millivolts) data were recorded on a -data logger"
miagnetic tape systemn for later reduction and plotting by computer. Thle test was
recorded onl color camlera film and mionitoredl continuously with a closed circuit
television and audio system.

Tlic redc(IedI ti me-temnperatuLre records for this test are given in Figure 1 7.
Correlation )I* these data with thle firing offlicer's report of the test events is difficult

21
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•in that at some point after about 4 minutes 30 seconds, the launcher e-vQ;Jn- f-
into the fire cutting off all the interior thermocouples. That is, at some time after 2i0l
seconds, all of the thermocouples show flame temperatures.

The firing officer reported that flame covered the pit at 40 seco.... .. me
thermocouples 16 through 19 passed 538'C at 36 seconds). At 3 minutes 20 second_:;,
crackling noises (continuous) were heard (fairing thermocouples 13 throug!" 5 15e
rapidly to flame temperature as the aluminum fairing melted or bur-nz- aw',.1
Between here and 7 minutes, all thermocouples were cut off. At 8 minutes 40
seconds, jetting noises were heard and there was a report (no flash) wi-th some Clame
disturbance at 8 minutes 57 seconds. Another report and a flash at the f,,,ard znd
occurred at 9 minutes 19 seconds with two more reports (and flash) o'ccurfing at:10
minutes 56 seconds and 11 minutes 4 seconds, respectively. On reviewing "he film
records, none of these events is discernable in the fuel fire flame. Fire fighting
personnel could have been working at the edge of the pit with no danger to them At
any time. I ý I

Post-test observations were as follows. The laincher rernained on the deck V-.4

all aluminum components consumed and/or melted (Figure 18). There was no evider, e:
of any reaction having occurred while the dummy fuzes were still on the warhead; Lil
the dummy fuzes were on the deck at the forward end of the launcher. T"he remain.
of two warheads were still attached to-transfer tubes with cubes still in place. .•ere
was no evidence of any violent reaction und all of the explosive was conu.nme.'

Test SCO-155

During a previous wood fire cook-off test, a 250-pound Mk 81 general purposeý
bomb, loaded with PBXC-1 16 explosive, was ejected. This bomb had been instru-
mented with four thermocouples welded to the inside skin of the bomb at A ancd ¾/4
the length of the bomb and 45 degrees each way from the strong-back. It 'kad been

exposed to a temperature of 710 C (160 0 F). as measured on the inside skin of the
bomb, for a period of about 2 hours. This same bomb was used for test SCO-155.

For this test, the bomb was suspended by the lift rings on chains so that tlhe
interior thermocouples were located in the upper quadrants of the bomb. -he
standard 24-foot octagonal fire pit (1200 gallons JP-5 fuel) was used. The usual film,'
data logger, and closed-circuit television monitor systems were used. Figure 19 is a
photograph of the test. I

The time-temperature records for this test are reproduced in Figure 20. With a
borderline wind velocity of 5-10 knots, the fire built up slowly and covered the pit at
about 60 seconds. At 2 minutes 26 seconds, a high flare occurred with a good
"whoosh" of noise. Burning fuel was splashed out of the pit. The bomb base ring was
observed to roll slowly up out of the pit and come to rest leaning against one of the
stakes anchoring the plastic pit liner (see Figure 21). This probably occurred as a
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result of' thu bomb case opening and allowing the 100-pouind block of PBX('-] 16 to
fall into the tIanic, splashing hot fuel to make the flare. Here again. properly equipped
tire fighting personnel would have been in little danger.

WOOL) FIRE~ TESTS

A series of wood Fire cook-off tests to simulate railcar fires included, amnong
others, eXperiments with Tritonal ais well as PBXC-l 16 loaded bombs. Thle icsts
Con1sisted of a pallet of %!i 91 genieral purpose bombs with four live bombs and e.Peht
sand-filled inert bonih', w, a wood floor made uip of 3- by &-inh tongue-and-groove
hoards. 1Aigtirc 22 is a photograph of' the Setup. With Tritonal filled bombs, the
seqluence (it events wasIý

1. floor ignition at about I hour 30 minutes,

2.sýNocd fire warmed bombsý for 40 minutes. at which point

3~. one bomb opened and dumped Molten Tritonzil into the fire, and

4. t ic wood and Intritoal burned for 12 nin mUtes (Figure 23) atl .vhich pojat
tlche bom~b detonated initiating two other :iv bombs (Figur 24).

;ncrt bombhs and fragments of- inert bombs were thrown as far as one-quarter mile. The
Site Was completely Lclared. including a 10-ton steel fragment shield which was flipped
oveýr and moved 40 feet (l~iguire 25) In contrast, the same experiment with PBXC-l 16
loaded bombs, in muli the same time scale, resuLted in the test fixture breaking up
and collapsing into one pile (Figure 26). The one live bomb that had been dropped
off the pallet duringr the first reaction, was the one used in the SCO-l 55 fuel fire
cook-off. These results indicate that PJ3X'- 1 16 loaded bombs will be much safer for
rail shipment. Thus, the danger, and the possibility of disasters such as occurred at
Roseville, California will he minimizecd.

CONCLUSION AND RECOMMENDATION.

The explosive compositiciis ?'BXC-i 16 and PI3XCA- 17 have outstanding thermall,
miechadnical and explosive properties. The bchavioi of tho sys.-ems in fuel fires, both
the fast hot J P-S and thle slowci ',eood fites, was a deflagration that would have caused
little difficldtV for fire-fighting. personnel. This, along with the detonation properties
and resistance to hH;~z -iiergy impact ieported elsewhere, suggest.- that these comipo-Isit ions are a real bre~k thyough in explosive composition development.
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ir0

FIGURE 24. Mk 81 Bomb boxcar Cook-Off. Detonation. (Neg. LHL 181901)

AI

FIGU'RE 25. Mlk 81 Bomb Boxcar ('ook-Ofl1, Postilcst View~of
Test Site. (Neg. LIIL 179640)
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Potential applications for these explosives are many, including all carrier-based
weaponry. Among the possible uses for these systems are:

I. Ordnance carried on aircraft exposed to gun fire and/or shrapnel.

2. Ordnance carried or stored in fire hazardous locations,

3. Main charge in penetration warheads or missiles where resis,.ance to impact
forces would be essential..

4. Ordnance subjected to excessive vibration and mechanical shock in shipmen.'.
and storage. (A brittle composition could crack under these condiIons witi,.
a resultant enhanced sensitivity and impared performance.)

5. Projectiles subjected to set-back forces which could cause premature init•
ation.

6. Ordnance exposed to aerodynamic heating, as on high speed aircraft wli,e.
for example, a temperature of 80*C or greater would melt a TNT-'alse• I
explosive causing extrusion problems.

It is strongly recommended that these compositions, PBXC-I 16 and PBXC-Il 1,
lie qualified in all carrier-based weapons and ordnance, in particular, when any new
weapon is considered and when an old system is modified.
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Appendix A

PROGRAM TO CALCULATE TIME ZERO FOR SLOW COOK-OFF

A program for the Hewlett-Packard Model 9820A calculator solves Eq. (5) and
sums the fraction reacted in each 10°C interval below the furnace "cross over"
temperature. The time required for the same fraction to react at t!-1 furnace
temperature is calculated and subtracted from the "cross over" time to give thie
required equivalent time zero. The needed Arrhenius reaction rate constants mist be
obtained from other experimental data.

The program list is as follows:

0: PRT "CALC TIME 0 FOR COOK OFF", PRT "RUN NO. SCO" ENT Z; FXED 0;
PRT Z; FLT 9; SPC 1: FNT A, B

I: O-- X--Y. F'NT CRO, RI, R2, R3, R4, R5
2: Y+3600A(RX -R(X+l ))EXP(-- B/1.987/(C+269.5;)v-Y
"3: IF X<4: X+I -X; C 10•C; GO TO --I
4: PRT "F", Y; PRT "TO", (3600 RO- Y/A/EXP(-B/1.987/C+323.2)))/3600;

PRT" "I/TI'-
5: PRT I/('+323.2); SC 1. GO TO 4
6: END

Input data for this program is: (The "RUN PROGRAM" key is pressed after
each input item.)

Z = Run No.
A = Arrhenius frequency factor
B = E*, Arrhenius activation energy
C = "Cross over," oven temperature, 0C

RO = "Cross over" time, hours and decimal fractions
RI = Time at (C-1i0o
R2 = Time at C--200

R3 = Time at C--30'
R4 = Time at C-40'
R5 = Time at C-50'

Print out, on tape, is:
*CALC TIME 0 FOR RUN NO SCO "Z"
F
(total fraction reacted)
TO
(equivalent time 0 at furnace temperature)
I /Tl (OK)
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The program then goes back to statement I for a second computation in. the same
system.

A calculator tape or this program and the results of a computation are included as
Figure 27.

C:
C:ALC TIME ci FrORF'PRT "I..L TIIFE 0 R U N IN IS'C C

F'R T F.: IH 1. 0 C 0" 7
; EtT ; FL:,::t1 0;
1'RT AFLT 9;'FPT F

1: TO0. ET , 4414 1 E .I'
I R "2 R.:,, F.: 4 , :h . 3

"6 CJ.C, F.A.,-F: ( R .0, + I
I ' E..' 4,1 C:-I

, •1÷~O C:;GTC '; -i1Fi;
4:
P RT F" ;FF:T "T

0 " " ( 9: 6 011 :.3 2 : : .. ..2:2,6 I_
F'RT " I ,"'T I! "t
5 ::PRT I C'.+-

SF'PC 1 1]T -41-
6.END I-

R120

FIGURE 27. Calculator Program Tape, Time Zero for Slow Cook-Off.
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Appendix B

PROGRAM TO CALCULATE CHARACTERISTIC "CRITICAL" TEMPERATURE

This program, for the Hewlett-Packard 9820A calculator, solves -Eq. (6) to

determine the characteristic "critical temperature" of an explosive or propef)ant.

'*

2..?03R log / 2 AQIp\ 6?

ýXR Tt~1e /

The equation solved is for Tm by a rapidly converging iteration from in
estimated value of Tm. The program is:

0: PRT "ITHFRATIF FOR T(M);SPEC 1; PRT "SAMPLE iS%; STP

I: SI(' I :ENT RO,RI,R2,R3,R4,R5,R6,R7,R8

2: P1<RT -!' ", RO,-A", RI ,Q", R2,"LAMBDA',R3," RHO", R C, 5 ,• DT U'
3: PRT "R",R7:SPC 1;PRT R8;SPC I
4: ENT A:PRT A:A+273.16-, X:FNT B; PRT B;BB-+ A;SPC 1
5: Ro)JR8R7LOG (AR2RIROR4/R3R7XXR6)-*X
6: I'RT X-273.161IF ABS (Y..-X)< IE--2; SPC I:GTO +21
7: x--+Y:(;To 2
8: PRT I /XPRT ".I'AU",AR4R5/R3I/( I/X-1.6/RO)-273.16-*Z;PRT

"TI'' ",ZSPC 2:GT(O --4
9: [NDI

Input data for this program is (Note: At the STOP after p; nting "SAMPLE
IS," press PRINT, ", SAMPLF INDENT. ", and EXECUTE.):

RO, [* Arrhenius activation energy, cal/mole
RI, A Arrhenius frequency factor, sec'
R2, Q =loat of reaction, cal/g
R3, A Thermal conductivity
R4. p Density
RS, c Specific heat
R60 , = Shape factor
R7, R 1.987 cal/mole-'K
R8, 2.303
A Ti, estimate
B a = radius or half thickness

"The RUN PROGRAM key is pressed after each item entered. The program prints out
the input values followed by the Ti iteration values. The program then prints 1IT

3
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K I, the value of T a 2 pc/6 for the sample size, an• th0 value of TI fer :e r. The
program then returns to statement 3 to repeat the coimputation ai jf new size.

Any of the input parameters may be changed by pressing STOP twice and
('LIAR. "The new values are added by entering the number followed by -, R and the
appropriate number from the input list. Pressing GO TO, 1, EXECUTE, and RUN
PROGRAM initiates the new problem.

An example of the calculation is given in Figure 28.
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FIGURE 28. Calculator Program Tape, Characteristic "Critical" Temperature.
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ERRATA

Footnote 2 on page 3 is incorrect.

Please make the following change:

2 Naval Ordnantc Systems Command. "I|nterim Qualification of PBXC-l16(i) Explosive

Composition", 9 April 1974, and "Interim Qualification of PBXC-1 17(l) Explosive Composition-, I I

April 1') 74. Washington, D.C., NAVORD-0332A. tNAVORDNOTICE 8020. publication

UNCLASSIFIED.)
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